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1.0 ABSTRACT
In the rapidly developing semiconductor industry, sputter deposition is the
most widely used metallization (metal coating) process in chipmanufacturing and
packaging. Since most sputtered coatings are in a state of stress, understanding
the origin of stress is very important. High stress can lead to electrical shorts and
mechanical instability in a microelectronic circuit partem.
The purpose of this thesis is to investigate the parameters which can be used to
control stress in sputteredmetal films. We worked with sputtered copper on
polyimide (Kapton H) as a film-substrate combination which occurs frequently in
the microelectronic packaging industry.
Stress and film growth in sputtered films were studied as a fuction of: (1)
argon gas pressure, (2) deposition rate, and (3) film-thickness. Two types of stress
were observed: (1) compression (the film is trying to expand on the substrate) and
(2) tension (the film is trying to contract on the substrate). As argon pressure is
increased for a fixed deposition rate of 2.0 A/s, stress changes from compression
to tension at a transition pressure of 2.5 mTorr. As deposition rate is increased
for a fixed pressure of 5.0 mTorr, stress changes from tension to compression at a
deposition rate of 4.8 A/s. In both cases, in the initial stages of film growth, stress
increases rapidly until a "critical
thickness"
is reached; above this thickness, stress
decreases gradually.
Our results suggest that stress (and thus mechanical and electrical film
properties) may be controlled with deposition conditions. The study of stress as a
function of film thickness leads to a better understanding of how internal stress
originates in the film-substrate system.
1
2.0 INTRODUCTION
A coating which is generally less than one micrometer is called a "thin film".
Thin films have wide application in the microelectronic industry. There are several
vacuum-deposition processes used to apply thin films: thermal evaporation,
chemical vapor deposition, sputtering, molecular beam epitaxy, and electron beam
evaporation. Currently the main deposition process used in the microelectronic
field is sputtering.
2.1 Stress in Thin Films
All vacuum-deposited thin films are in a state of stress. The existence of this
internal stress is well known but is not fully understood. Total internal stress is




Intrinsic stress comes from themismatch between the atomic structure of
substrate and the natural structure of the growing film. Thermal stress comes from
the mismatch between the thermal expansion coefficients of the substrate and the
growing film [D. S. Campbell 1966]. As will subsequently be shown, the
intrinsic stress is the major component of internal stress for the experiments
described in this thesis.
Previous research in the RTT Thin Films Lab has focused on stress in copper
films sputtered onto a flexible polyimide substrate by a dc planarmagnetron. Two
stress states (compression and tension) in sputtered copper films were
distinguished. Figure 2.1 shows a schematic diagram of these two stress states.
Two Types of Stress in Thin Film
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Negative Radius of Curvature
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Film : Trying to Expand
Figure 2.1 Two Types of Stress in Thin Films.
When the copper-polyimide strip system has convex curvature (negative radius),
the film is trying to expand on the substrate and is in a compressive stress state.
When the strip has concave curvature (positive radius), the film is trying to
contract and is in a tensile stress state.
2.2 Estimation of Stress : Stoney's Formula
The dependence of stress on argon gas pressure was previously examined
[A.B. Entenberg et al. 1987]. The stress was estimated with Stoney's formula by






Es = Young's modulus of the substrate





The behavior of stress as a function of argon pressure is shown in Figure 2.2
for ts
= 25 |im, tf
= 0.25 |im, and Es = 3 GPa. Negative stress corresponds to
compression (negative radius or convex curvature); positive stress corresponds to
tension (positive radius or concave curvature). The stress changes from


























2.3 Thin Film Growth:
Nucleation, Island Formation, and Coalescence
In the sputter deposition process, the atoms arrive at the substrate surface and
condense onto it to become adatoms. The ability of adatoms to migrate freely over
the substrate surface depends on the following surface characteristics: binding
energy, temperature, and roughness. These moving adatoms collide with each
other and combine to form clusters of two ormore atoms whichmay continue to
move along the surface.When a cluster is large enough, it loses its mobility and
becomes an
"island"
which is attached to the substrate at a "nucleation
site"
(frequently a surface defect). In the next stage, when the island become large
enough to touch, coalescence occurs and the film starts to become continuous (see
Figure 2.3, Leaver and Chapman 1970) [B. Chapman 1980].
2.4 Dependence of Film Growth onWorking Gas Pressure
Compressive and tensile stresses may be explained in terms of the following
film growth mechanisms: (1) atomic peening and (2) competing cone growth or
shadowing. Figure 2.4 shows how these two film growth mechanisms depend on
argon gas pressure. At lower pressures the mean free path of sputtered copper
atoms is larger (about 5 cm at 1 mTorr of argon), resulting in fewer collisions
(approximately four collisions to reach a substrate from the target in distance of 21
cm) in the plasma. Therefore sputtered copper atoms impinge on the substrate at
nearly normal incidence and with high
kinetic energies. In striking the film with
most of their initial energy, the incident copper atoms are able to imbed themselves
into the film and drive other atoms more deeply into the film. This low pressure
mechanism is known as atomic peening and is believed to cause a densely
Single Atom Arrives
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Figure 2.3 Conceptual Picture ofFilm Growth. [Leaver and
Chapmanl970].
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Figure 2.4 Basic Idea of film Growth.
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packed compressive film which has a tendency to expand on the substrate [J.A.
Thornton 1974, J. A. Thornton and D. W. Hoffman 1979, and S. Craig and G.
L. Harding 1981].
At higher argon gas pressure, because the mean free path is smaller (about 0.5
cm at 10mTorr of argon), sputtered atoms collide with the particles in the plasma
more frequently (in excess of forty collisions occur between target and substrate).
Therefore the copper atoms reach the substrate at oblique angles and with
significantly reduced kinetic energies. Because the atoms arrive at oblique angles,
the islands grow preferably by
"shadowing"
each other, resulting in isolated
columnar shaped structures. These columnar structures are separated by narrow
voids which are not filled because of the aforementioned shadowing mechanism
and also because arriving atoms do not have enough energy to
"peen"
other atoms
into the voids. Since these structures are electrostatically attracted to each other
across the voids, the film is trying to contract on the substrate and is in a state of
tensile stress [J.A. Thornton 1974, J.A. Thornton and D.W. Hoffman 1979, and
S. Craig and G. L. Harding 1981]. The morphology of the copper films at various
pressures were studied with a scanning electron microscope (SEM). Figures 2.5
and 2.6 show surface characterisics and fracture cross sections of sputtered copper
films on glass at low pressure and high pressure, respectively. At low pressure (2
mTorr), close-packed fibers are seen in the fracture cross-section while the surface
appears to be smooth and only slightly granular (see Figure 2.5). These
characteristics resemble the morphology expected to be produced by the atomic
peening mechanism. At high pressure (10 mTorr), the surface appears cracked
under the SEM, with distinctly separate columnar structures (vertical one-
dimensional growths) are found in the fracture cross-section. This morphology is
produced by the shadowing mechanism (see Figure 2.6).
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2.5 Dependence of Stress and Morphology on Deposition Rate
Although there are many parameters (working gas pressure, substrate
temperature, residual gas pressure, deposition rate, substrate roughness, substrate
voltage, and types ofworking gas) which affect stress and morphology, the
fundamental variables are working gas pressure and substrate temperature. We
have already seen the dependencies ofmorphology and stress on working gas
pressure in the previous section. In this thesis we will show the dependence of
morphology and stress on substrate temperature by using deposition rate as an
equivalent variable. It is possible to control the temperature of the film with
deposition rate because 3 eV heat of condensation [C. Kittel 1986] is released into
the film for each atom which is adsorbed onto the substrate surface.
Figure 2.7 shows the effects of argon pressure and substrate temperature on
the morphology of the metal coating [J.A. Thornton 1974, J.A. Thornton 1977]
and B. Movchan and A. Demchishin 1971]. This diagram, based on experimental
data, was constructed by Thornton, Movchan, and Demchishin (TMD). Notice
that the substrate temperature variable is really the ratio of the substrate temperature
to the melting temperature of the bulk material. There are four different
morphology regions in the TMD diagram.
Zone 1 : well defined columnar structure(one-
dimensional crystals ) with voids in between
Zone T : dense array of poorly defined fibrous grains
Zone 2 : narrowing of void structure due to increased
surface mobility of adatoms
Zone 3 : recrystallization ofmaterials due to bulk















































Figure 2.7 Influence of Substrate Temperrature and Argon Pressure
(1.0 mTorr = 0.13 Pa) on the Microstructure of Sputtered Metallic
Coating [J. A. Thornton 1974].
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Zone 1 and Zone T are the only regions accessible to us because the maximum
achievable ratio of substrate temperature to melting temperature (T/Y^ is about
0.26. This is because the maximum substrate temperature (Ts) which occurs is
about 85 C (358 K) andmelting temperature of bulk copper is 1085C (1358 K).
Notice that the aforementioned tensile and compressive films correspond to Zone 1
and Zone T morphologies, respectively. Our study focused on transition line
between Zone 1 and Zone T. We are able to cross between Zone 1 and Zone T by
independently varying either argon pressure or deposition rate. An independent
variation of effective substrate temperature which leads to a transition from tension
(Zone 1) to compression (Zone T) is shown by horizontal arrow in Figure 2.8. An
independent variation of argon pressure which leads to transition from
compression (Zone T) to tension ( Zone 1) is shown by the vertical arrow in
Figure 2.8.
2.6 Conceptual Picture of Intrinsic Stress
Although the intrinsic stress in a film is three dimensional and nonuniform
(see figure 2.9.a), in this thesis we will assume that the intrinsic stress is a one
dimensional (longitudinal) and uniform stress (see Figure 2.9.b). The definition
of an applied longitudinal stress (compression or tension) is as follows: (see
Figure 2.10.a)
Stress = Force /Area
As shown in Figure 2.10 (b), the intrinsic stress in a film is the applied
longitudinal force distributed over the cross-sectional area (product of film
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Based on TMD Diagram
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Figure 2.8 Schematic Diagram of Structural
Transition of Film Based on
TMD Diagram.
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Figure 2.9 (a) Actual Intrinsic Stress Exists in Sputtered Film.
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Stress = Force / Area
Figure 2.10 (a) Definition of Stress.
Figure 2.10 (b) One-dimensional Longitudinal Applied Force on Film.
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2.6.1 True / Idealized Stress
To investigate the intrinsic stress in a film, it is necessary to consider stress in
two cases. The first case corresponds to the stress in a film that is deposited on a
rigid and incompressible substrate, which is not allowed to contract or bend. This
stress is what we mean by the
"true"
stress in the coating. The word "true", a
standard engineering term, means that this stress is independent of the technique
used to measure the stress. The term
"idealized"
expresses the sense in which the
word
"true"
is used. In the simplest case, the true stress is generated uniformly
along the length and thickness of the film. Figure 2.1 l.(b) shows the uniform
force and stress distributions along the thickness and along the length of the film,
respectively. A practical example of this uniform stress distribution is a stretched
piece of rubber glued to rigid surface.
2.6.2 Intrinsic Stress
In the second case, we shall consider the intrinsic stress distribution of an
actual film which has grown on the substrate. The stress comes primarily from
intrinsic forces associated with the film growth mechanism and to a lesser extent
from different thermal contractions between film and substrate after cooling.We
visualize the growth stress as coming from components of the adhesive bonds
between the film and the substrate which are parallel to the interface. The force on
the film is effectively applied by the substrate along the interface as will be shown.
Figure 2.12 shows the case of no stress, i.e. the parallel components of the
bonding force are all zero. Figure 2. 13.(a) shows the case of tensile stress. Only
the forces on the film by the substrate are illustrated. The parallel components of
the individual bonding forces varies over the bottom surface of the film as shown
































(b) Parallel Component ofBonding Force on Film Along the Length
Stress
(c) Resultant Stress Distribution Along the Length.
Figure 2.13 Tensile Stress Case.
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substrate on the film is maximum at the edge of the film and zero at the center as
shown in Figure 2.13 (b). The two opposing stress forces on a particular region
along the length of the film are the sum of the parallel bonding force components
to the right and sum of the parallel components to the left of the region,
respectively. Hence the resultant stress is greatest at the center and zero at the edges
as shown in Figure 2.13 (c). It is important to emphasize that for a particular
region along the length of the film an individual bonding force and a stress force
are not identical.
2.6.3 Assumptions for Determining Intrinsic Stress
The
"actual"
stress in the unrelaxed film corresponds to the intrinsic stress in
the film (see section 2.6.2). There are two assumptions for estimating intrinsic
stress.





Assumption 2 : The stress can be calculated with Stoney's formula from the radius
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Figure 2.14 Intrinsic Stress and True (Idealized) Stress Along the Length.
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2.6.4 Origin of Stoney's Formula
Brenner and Senderoff show that it is possible to use the radius of curvature of
the relaxed film-substrate system to calculate the true stress in the film on the
unrelaxed (rigid) substrate and thus to estimate the intrinsic stress [A. Brenner and
S. Senderoff 1949]. The basic idea is to use the mechanical conditions which
describe a beam in equlibrium. Hence, the sum of longitudinal forces ( XF = (a dA
= 0) in the beam are zero and the sum of internal bending moments (X M = joy dA
= 0) of the beam is zero about any axis.
SF=0 - (1)
EM = 0 - (2)
Let a be the true stress in the unrelaxed film which is held so rigidly that
neither contraction nor bending of the film-substrate strip can occur. Then, the
total internal bending moment ofjust the film on rigid substrate is as follows;
Cf tf ts w
Mtrue
This equation comes from straightforward use of the definition of torque (see
Figure 2.15), where the arm (ts 12) is the distance from the neutral axis to the
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Mtrue = { o co tf }
When the film and substrate are relaxed (inmechanical equilibrium), there is a
bending moment of the film about the neutral axis where stress force are zero in
the unrelaxed film (midpoint of film and substrate system, (tf + ts)/2 ), under the
assumption that the Young's modulus of copper is the same as Kapton's) and an
equal and opposite bending moment of the substrate about the neutral axis.
Mfilm= Msubstrate
As long as the radius of curvature is much larger than the thickness of film or
the thickness of substrate, the bending moment of the relaxed film is about equal to
the bending moment of unrelaxed ( rigid and non-equlibrium) film.
Mfilm = Mtrue
In Appendix B, it is shown that, the bending moment of the substrate at








By letting Msub = Mtrue> we can obtain the following equation derived by
Soderberg [A. Brenner and S. Senderoff 1949].
Es(tf+ts)3
o =
6 R tf ts
Since experimentally the tf is much less than the ts the above expression reduces






A dc planarmagnetron (US-Gun Inc.) was used to sputter deposit films. The
copper targets (99.9 % pure) were 2 inch diameter by 3/16 inch thick. The
substrate was a 2.5 x 3.5 inch sheet of 1 mil (25 micrometer) thick polyimide
(Kapton, type H, manufactured by Dupont). A rotating substrate holder is located
directly in front of the target at a distance of 21 cm; the holder is suspended from
the chamber lid, has four faces, and is electrically grounded. A schematic diagram
of the 50 liter vacuum chamber for the system is shown in Figure 3.1. The
vacuum chamberwas evacuated with a liquid-nitrogen trapped diffusion pump and
a rotary pump. Research grade argon (99.997 % pure) [D. W. Hoffman and J. A.
Thornton 1980] was introduced through a gas purifier and a mass flow controller.
An Inficon quartz-crystal rate depositionmonitor (RDM), suspended near the lid,
is located between the target and substrate holder. A SloanDek-Tak surface
profilometer was used to calibrate the RDM.
3.2. Experimental Procedure
The Kapton sheet was degreased for 15 minutes in an ultrasonic bath of
Freon-12, quickly rinsed in deionized water, and then air dried. Each cleaned
Kapton substrate was stored in a desiccator over-night. The Kapton was then
constrained by two horizontal straps at top and bottom edges and was positioned
on one of the three shuttered faces of the substrate holder (see Figure 3.2). There
was no thermal contact between the polyimide and substrate holder except for the
straps. After the substrates were mounted, the chamber was evacuated to a base
pressure below 3.0 x 10"^ Torr for about one and half hours. Argon was






50 Liter Vaccum Chamber














(b) Substrate Holder ( Front View )
Figure 3.2 Schemetic Diagram of Substrate Holder.
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for 2 minutes at a pressure of 20 mTorr while the substrate holder was at the
shuttered position. Finally sputter deposition on the substrate was performed at a
fixed pressure in the range of 1 to 35 mTorr and at a fixed deposition rate in the
range of 1 to 5.5 A/s. The copper film had a thickness uncertainty of10 %. The
discharge voltage, current, and power were in the range of 400 to 600 volts, 0.2 to
0.9 amperes, and 100 to 450 watts respectively. During deposition, the maximum
substrate temperature, as measured by a Tempilabel temperature indicator [Omega
1985] behind the substrate, was about 85C.
3.3. Radius of Curvature for Stress Measurement
After the run, the sputtered substrate was cooled down for one hour within the
chamber. Once released from the substrate holder, the Kapton and substrate strip
curled according to the internal stress in the sputtered copper. No attempt was
made to force the films to curl along specific direction; inmost cases the film
curled along a horizontal axis parallel to the metal retaining strips of the substrate
holder. When the strip curled up in a tube-like shape (small radius of curvature),
we justmeasured the diameter of the tube to obtain the radius of curvature. When
the strip curled slightly and form a
"U"
shape (large radius of curvature), we
measured the radius of curvature by projecting the shape on a paper andmeasured
the radius with a compass.We also distinguished between negative and positive
radius for convex and concave curvature, respectively (see Figure 2.1).
31
4.0. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. Stress vs. Deposition-Rate
The dependence of stress on deposition-rate has been studied in order to better
understand the film growth mechanism.
Figure 4.1 shows film stress as a function of deposition rate in the range of
1.0 A/sec to 6.2 A/sec and at a constant argon pressure of 3.5 mTorr. Data point s
d and o represent film-thicknesses 1.5 kA and 2.5 kA respectively. Beginning at
a relatively low deposition rate (1.0 A/sec), the stress rises to a tensile maximum,
and then, with further increasing deposition rate, falls to zero and into
compression. Results formolybdenum sputtered in a cylindrical-postmagnetron
are shown in Figure 4.2 [ D. W. Hoffman and C. Peters 1983]. There is a close
resemblance in the data for the sputtered copper and the sputtered molybdenum.
We believe that the behavior of this curve may be explained by two arguments.
First, at a high deposition rate, argon atoms have higher energies and impinge on
the substrate more frequently. Therefore the film morphology becomes a
compressive packed structure via the atomic peening mechanism.
Second, this stress dependence on deposition rate is consistent with the TMD
film growth diagram (see Figure 2.7) ifwe assume that the deposition rate variable
effectively acts as the substrate temperature
variable. To act as a substrate
temperature, it is necessary that an increase in deposition rate transport more
energy per unit time to the substrate. This energy
goes directly into maintaining
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Figure 4.2 Internal stress vs. deposition rate in Mo films
sputtered from a cylindrical post magnetron cathode utilizing
an internal rotating spiral magnet and operated in Argon at
0.74 Pa. pressure with the substrate located at a radius of 0.1 1
meters. [D. W. Hoffman and C. Peters 1983]
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assumption : (l)By increasing deposition rate, sputtered copper atoms and
reflected argon ions have more energy because of the higher cathode voltage (to
increase deposition rate, the magnetron power (voltage and current) must be
increased). (2)The temperature of the substrate will be increased because the
number of sputtered atoms per unit time will be larger and each copper atom will
deposit 3.5 eV heat of condensation at the film surface [C. Kittel 1986]. (3)There
are fewer collision within the plasma because of the increasedmean free path
which is reasult from the reduced argon gas density infront of the hotter target
[Rossnagel 1987]. (4)Finally, the increased power to themagnetron leads to more
radiation (IR from the cathode and UV from the plasma) incident on the substrate.
Figure 4.3 shows film stress as a function of pressure for two different deposition
rates (2 A/s and 5 A/s). The fact that the transition pressure increases with
deposition rate follows naturally from the TMD diagram ifwe continue to correlate
deposition rate with effective substrate temperature. Looking at Figure 4.3, it is
clear that the stress transition pressure increases with substrate temperature. At a
low rate (2 A/sec), we find Pt=3.5 mTorr; at a higher rate (5 A/sec), we find a
Pt=5.0 mTorr. This is consistent with the qualitative boundary separating the
tension and compression regions of a TMD diagram(See Figure 4.4). The TMD
diagram suggests that as we increase deposition rate (effectively, substrate
temperature) the film should go from a tensile into a compressive morphology.
The SEM photographs shown in Figures 4.5 and 4.6 are consistent with this
prediction.
The photographs (Figures 4.5 and 4.6) represent the surface topographies and
fracture cross sections of copper films observed with the SEM. The Copper films

































































































































































































pressure of 3.5 mTorr. The slow deposition rate film shown in Figure 4.5 has a
relatively smooth top surface and a very weak columnar structure. The higher
deposition rate film of Figure 4.6 has a smoother top surface, with no evidence of
columnar structure.
4.2. Stress vs. Film-Thicknes
The variation of stress with thickness for a sputtered copper film has been
studied to understand the origin of the intrinsic stress and to qualitatively check the
validity of Stoney's formula.
Figure 4.7 shows the measured stress as a function of film thickness for a
fixed working gas pressure of 5 mTorr and deposition rate of 2 A/sec. The curve
represents a least-squares fit of an empirical function used to describe the data
[Appendix 3]. The fluctuations of the data points about their corresponding curve
are due to unstable working conditions such as randomly varying (+5 %)
deposition rate, loss of plasma, and the contamination of the film by residual
gases. The general behavior of the data curve shows that the magnitude of the
stress increases rapidly in the low thickness region (tf < 900 A) until it reaches a
maximum. The point ofmaximum value corresponds to a "critical
thickness"
(tc)
for a given pressure. As film thickness increases above this critical thickness,
stress decreases gradually to a constant value.
The behavior of the o versus tf curve can be qualitatively explained with
Stoney's stress formula, discussed in section 2.2, in terms of radius of curvature,
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o = - =====>
6 R tf R tf
Explicitly, the formula states that o should be inversely proportional to the
product ofR and tf where K (Es ts2/6 = 3.226 x
10"10 GPa m2) is constant.
But the radius of curvature, implicitly depends on film thickness as shown in
Figure 4.8. The value ofR decrease rapidly at a thickness less than the critical
thickness, tc. Above the critical thickness, the change ofR is very small (
approximately constant.) This behavior of radius of the curvature with film
thickness was analysed with a least-squares fit of a three term function (R = Cq +
Ci/tf + C2/tf2) [Appendix 3]. The result of this fitting shows that the radius
of
curvature, R is approximately inversely proportional to
tf2 (R = C/tf2). Therefore






Above the critical thickness, R changes very slowly. This means that
stress
decreases because the product (R tf) is increasing with tf.
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Figure 4.9 shows a plot of stress vs. film-thickness for evaporated silver films on
glass [D. S. Campbell 1966]. There is a resemblance between this data and our
data.
We can develop an alternative and more intuitive way of illustrating the data by
using the concept of
"force-per-unit-width"
instead of stress. Force-per-unit-width
is actually the total stress force (Fa) of the substrate on the film (at a given point
along the length of the film) divided by the width of the film. Figure 4. 10 shows
the total stress force of the substrate on the film. Using the definition of stress, the





Equivalently, dF0 = o(y) w dy




As can be seen from the above expression, another description for
force-per-unit-












vs. thickness for suvtr on fUss.
Figure 4.9 Stress vs Thickness for Silver on Glass from D. S. Campbell
"Internal Stress in Thin Films", in Basic Problem in Thin Film Physics:











Figure 4.10 Total Stress Force of the Substrate on the
Film.
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where average stress, <a> = 1/tf a(y) dy, where integral stress is true stress, By
estimating <a> with Stony's formula, we obtain:
Fa Es v
w 6 R tf
As we can see, the force-per-unit-width inversely proportional the value ofR.
Figure 4.1 1 shows the same data in terms of force-per-unit-width as a function of
film-thickness. The force-per-unit-width increases with film-thickness. The
slope of the force-per-unit-width curve is steepest below the critical thickness.
This is because, at the initial film growth stage, every additional atomic layer
contributes significantly to the total interfacial stress force between the film and
substrate. Above the critical thickness, the curve continues to increase, but with a
much lower slope. In this region, each additional layer of atoms has comparatively
less influence on the interfacial stress force.
There is another effect which we have observed. Figure 4.12 illustrates stress
versus film thickness at fixed pressures of 6, 5, 2.5, and 1.5 mTorr (a, o,a, and
+) for a fixed deposition rate of 2 A/sec. Notice that the critical thickness moves to
the right direction (has larger value), as argon pressure increases. We conjecture
that this phenomenonmay be explained by the following film growthmechanism.
At higher pressure, the void spacing will be larger [S. Craig and G. L. Harding
1981] because of a stronger shadowing mechanism (i.e., more atoms will reach to
substrate at oblique angles.); therefore the value of critical thickness at which the
normal columnar structure starts to form, will be larger (see Figure 4.13).
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(a) Low Pressure ( Small Shdowing Effect )
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Figure 4.13 The Effect of Pressure on Critical
Thickness of Film Growth.
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5.0. CONCLUSION
This thesis has focused on the influence of deposition rate on film growth and




We have shown that deposition rate as well as working gas pressure can be
used to produce a compressive film instead of a tensile film. For a fixed working
gas pressure of 3.5 mTorr, we found that a film initially in tension can be driven
into-
compression at a deposition rate above 4.8 A/sec. Our result is consistent with
the Thornton, Movchan, and Demchishin ( TMD ) diagram ( see Figure 2.7 )
under the assumption that deposition rate effectively controls substrate temperature.
For a fixed pressure, a low deposition rate leads to a Zone 1 tensile film with
columnar structure, and a higher deposition rate leads to a Zone T compressive
film with a dense, poorly defined, fibrous structure.
Stress was also measured as a function ofworking gas pressure for two
different deposition rates. As expected, the transition pressure increased for the
higher deposition rate data (corresponding to a higher substrate temperature). The
results were again consistent with the TMD diagram which shows that at higher
substrate temperature, the transition boundary between Zone 1 and Zone T occurs
at a higher pressure.
The dependence of stress on film thickness in thin sputtered copper films was
also studied. We found that the radius of curvature, R is strongly dependent on tf
below a critical thickness, tc, and changes very gradually above tc. Thus below tc
(tf < tc), stress grows rapidly with tf because Stoney's formula is approximately
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a= (constant tf). But, above tc (tf > tc), Stress decreases gradually because
Stoney's formula is approximately a= (constant / tf).
The dependence of stress on film thickness was also expressed in terms of the
concept of integrated stress or force-per-unit-width. The total interfacial stress
force between film and substrate increases primarily during the initial film growth
stage (tf< tc region). And further additional film layers (tf > tc) have comparatively
less influence on the interfacial stress force. This data is consistent with the idea
that the origin of intrinsic stress lies in the structural mismatch between the film
and substrate.
Suggestions for Future Work
We found that the force-per-unit-width (the interfacial stress force between the
film and substrate) increases with film thickness, tf. So, one suggestion for further
study may be to investigate the copper adhesion as a function of film thickness.
Because the total interfacial stress force increases with film thickness, wemight
expect that the adhesion of copper on polyimide decreases above a certain film
thickness. Finally, another possible suggestion would be to investigate the effects
of substrate temperature on intrinsic stress in sputtered films as a parallel study to
the experiments done in this thesis with the effects of deposition rate.
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Table 1. Stress vs. Deposition Rate
Experiment Deposition
Rate(A/s)
Film Thickness (1.5 kA) Film Thickness (2.5 kA)
Number Radius(Cm) Stress(GPa) Radius(Cm) Stress(GPa)
3070 1.0 3.95 0.071 1.86 0.067
3075 2.0 1.47 0.142 0.67 0.187
3079 2.1 0.74 0.280 0.55 0.230
3072 2.9 1.21 0.171 0.85 0.147
3070 4.0 1.65 0.126 1.10 0.114
3074 5.0 -5.20 -0.040 -10.00 -0.013
3078 5.5 -1.30 -0.160 -1.70 -0.074
3076 6.0 -10.00 -0.021 -5.30 -0.024
3077 6.3 -1.64 -0.126 oO 0.000




2 x 10'5 Torr
3.5 mTorr
1.5 and 2.5 kA
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Table 2. Stress vs. Film Thickness
Experiment Film Thickness(tf) Radius(R) Stress(a) Force/Width(F/w)
Number (A/s) (Cm) (GPa) (Pa/m)
3051 0.402 1.618 0.480 0.0193
3052 0.499 1.800 0.348 0.0174
3056 0.567 1.468 0.375 0.0213
3058 0.600 1.420 0.365 0.0219
3054 0.700 1.023 0.436 0.0305
3055 0.801 1.365 0.286 0.0229
3013 0.880 1.600 0.221 0.0195
3057 0.900 0.911 0.381 0.0343
3038 1.000 0.554 0.564 0.0564
3016 1.400 0.892 0.250 0.0350
3010 1.500 0.570 0.366 0.0549
3023 1.800 0.542 0.320 0.0576
3011 2.000 0.570 0.274 0.0548
3025 2.100 0.421 0.353 0.0742
3020 2.200 0.486 0.292 0.0643
3021 2.700 0.339 0.341 0.0922
3026 2.800 0.500 0.222
0.0625
3008 3.000 0.594 0.175
0.0526
3019 3.200 0.450 0.217
0.0694
3009 3.700 0.326 0.259
0.0959
3012 4.000 0.395 0.198
0.0790
3022 4.500 0.370 0.188
0.0845








Table 3. Stress vs. Film Thickness
Experiment Film Thickness(tf) Radius(R) Stress(a) Force/Width(F/w)
Number (A/s) (Cm) (GPa) (Pa/m)
3041 0.400 3.0150 0.247 0.0099
3046 0.450 2.200 0.315 0.0142
3044 0.500 0.986 0.633 0.0317
3048 0.550 1.187 0.479 0.0263
3047 0.600 1.160 0.449 0.0269
3049 0.650 1.030 0.466 0.0303
3035 0.700 0.919 0.484 0.0340
3040 0.812 0.667 0.577 0.0468
3036 0.980 0.617 0.474 0.0506
3037 1.300 0.625 0.383 0.0500
3032 1.500 0.788 0.265 0.0397
3039 1.092 0.600 0.271 0.0521
3028 2.000 0.486 0.322 0.0643
3027 2.500 0.395 0.316 0.0791
3034 3.000 0.391 0.266 0.0799
3029 3.500 0.456 0.196 0.0685
3043 4.000 0.442 0.176 0.0707








Table 4. Stress vs. Film Thickness
Experiment Film Thickness(tf) Radius(R) Stress(a) Force/Width(F/w)
Number (A/s) (Cm) (GPa) (Pa/m)
3062 0.300 2.650 0.353 0.0106
3056 0.400 2.300 0.340 0.0136
3061 0.520 2.100 0.286 0.0149
3058 0.600 o 0.000 0.0000
3062 0.610 2.900 0.176 0.0108
3059 0.805 1.650 0.235 0.0189
3062 0.902 5.020 0.069 0.0062
3061 1.040 4.000 0.075 0.0078
3058 1.200 2.000 0.131 0.0156
3061 1.560 1.630 0.123 0.0192
3058 1.800 oo 1.000 0.0000
3059 2.000 ex? 0.000 0.0000



















3065 0.300 -6.7 -0.150 -0.0017
3066 0.350 -6.4 -0.140 0.0049
3063 0.400 -2.9 -0.269 -0.0108
3066 0.451 -5.2 -0.133 -0.0060
3064 0.500 -3.4 -0.184 -0.0092
3064 0.600 -3.1 -0.168 -0.0101
3066 0.750 cO 0.000 0.0000
3064 1.000 -4.0 -0.078 -0.0078
3064 1.220 oo 0.000 0.0000









(Derivation of Stoney's Formula")
The basic idea of Stoney's formula is that the bending moment (M^e) in a
rigid film due to true stress is equivalent to torque (Mrelaxed strip) in the relaxed
film and substrate system due to applied stress.
Mf -











The radius of curvature of the neutral axis is denoted by R. Here Ef is ignored
since the thickness of film, tf is much less than the thickness of substrate, ts I
is the moment of inertia of the cross section of the film and substrate strip ( I =
(w(tf+ts)3}/12).
By settingM^g = M reiaxed,




Hence, Es (tf +
ts)3
a =




A good statistical fit to the data (Figure 4.8) is obtained with the following
3-term function.
R = Co + (Ci/fcf) + (02/fcf2)
Thus, Stoney's formula can be described as follows.
Es
ts2 K K
a = - = =
6 R tf R tf C0tf + C i + (C2/tf)
The following values were obtained by the least-squares fitting program 1 .
5 mTorr (Tension) Cq = 0.729
Ci = -0.816
C2 = 0.653
Using these values, the stress versus film thickness curve (Figure 4.7) was
obtained with program 2.













invth = ( 1/ thick ) ;
inv2th = invth* invth ;
LABEL thick =
'
RDM thickness ( kA )
'













MODEL rad = invth inv2th ;
















for output as file #1
150 sigma = 0




300 sigma = .32258/ ( cO + (cl/thick) + ( c2/ ( thickAthick) ) )
350 print thick, sigma
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1. Title
Dependance of Stress and Morpholopv of SputteredMetal Films
on Deposition Conditions.
2. Introduction
The various morphologies (as seen on an SEM) of sputtered films indicates
that they grow in basically two different ways: (1) a compressive stress mode, in
which the film is "trying to
expand"
on the substrate and (2) a tensile stress mode,
in which the film is "trying to
contract"
on the substrate. Moreover, by varying a
given deposition parameter (e.g. argon working gas pressure) it is possible to
continuously chang from one stress mode to the other.
The importance of stress andmorphology is that they relate to the cohesiveness
and adhesiveness of a film. A large enough tensile stress can cause a film to tear
itself apart; a large compressive stress can cause a film to buckle. Generally it is
found that compressive films adhere better than tensile films. Adhesion and
cohesion are interdependent. Poor adhesionmakes a film unstable to self-tearing or
buckling; poor cohesion makes the film-substrate interface vulnerable to corrosion
ormoisture, thereby weakening the adhesive bond.
3. Objective
One goal of the Thin Films Lab is to investigate the connection between stress
(film-growth) and adhesion. This thesis work, however, lays foundations for
such an investigation. In particular, we plan to study the influence of deposition
conditions on film-growth and stress. We will work with sputtered copper on
polyimide, a film-substrate combination which occurs frequently in the microelectro
-nic packaging industry. Our primary objectives are as
follows.
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1. To check the accuracy of a formula due to Stoney which rentes average film












2. To measure the dependence of stress on key deposition parameters such as
argon working gas pressure, film deposition rate, and substrate temperature.
To attempt to explain the results in terms ofmorphology and a film growth
model.
3. To measure the dependence of stress on two key parameters found in
Stoney's formula: film thickness, tf and substrate thickness, ts. To attempt
to explain the results in terms ofmorphology and a film growthmodel.
4. Resources
We plan to carry out these objectives
with the RTT Thin Film Lab facilities and
with the Scanning Electon Microscope (SEM) housed in the
College of Science.
The results will be scientifically interesting. On the
practical side, we will also try
to determine the implications of the results for the adhesion of sputtered
copper to
polyimide.
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